Introduction
============

Sleep is crucial for the physical and mental health. Sleep deprivation is associated with the dysfunction of the immune and cardiovascular systems, disturbed metabolism, impaired memory and cognition, and increased mortality.[@b1-nss-9-277] There has been increased focus on sleep disturbances in the intensive care unit (ICU) due to the possible link between deprived sleep in critically ill patients and development of delirium, prolonged stay in the ICU, and increased mortality.[@b2-nss-9-277] Sleep and circadian rhythm in critically ill patients are reported to be severely disrupted with numerous arousals, shortage of deep sleep and rapid eye movement (REM) sleep, and abnormal diurnal distribution of sleep--wake periods.[@b3-nss-9-277]--[@b5-nss-9-277]

In this study, we aimed to summarize the present knowledge about sleep and circadian rhythm in critically ill patients including: 1) the challenges of sleep assessment and analysis in this patient group; 2) the role of possible sleep disturbing factors in the ICU, such as environmental factors, mechanical ventilation, and medication; 3) circadian process and melatonin; and 4) the role of critical illness.

Methods
=======

The knowledge on sleep in critically ill patients in the ICU is scarce and mostly based on observational studies and case series. Accordingly, the purpose of this overview was to introduce and discuss several aspects of the topic, and no traditional systematic approach was used.

PubMed database was searched for the following keywords and word combinations: sleep disturbances AND critically ill patients, sleep distubances AND ICU, sleep monitoring AND ICU, sleep AND ICU environment, sleep AND mechanical ventilation, sleep disturbances AND critically ill patients AND medication, sleep AND sedation, melatonin AND critically ill patients.

The literature search was limited to humans and adults (age ≥19 years).

Primarily, the papers dealing with critically ill patients were included in this review as the sleep patterns in healthy volunteers exposed to the ICU environment cannot be compared with the patterns seen in critically ill patients' polysomnography (PSG). Sleep studies where PSG was used for sleep asessement were prioritiezed and mentioned more in detail. The interventional studies targeting sleep improvement in the ICU are listed in [Table 1](#t1-nss-9-277){ref-type="table"}.

Sleep monitoring in the ICU
---------------------------

Diverse methods of sleep assessment are used in critically ill patients. Subjective methods, including questionnaires and nurse registration forms, are widely used in the ICU due to the ease of approach and no requirement of special skills for the interpretation of results. Richard--Campbell Sleep Questionnaire, a five-item visual analog scale, is an example of the subjective method of sleep assessment in the ICU, based on patients' self-reports. It has been validated against PSG in alert, critically ill adults.[@b6-nss-9-277] A large number of critically ill patients have impaired consciousness or changed sensorium which makes the use of patients' self-reports unfeasible for sleep assessment. Results of the studies where the reliability of nurse's assessment of sleep/wake state has been tested are contradictory.[@b7-nss-9-277]--[@b11-nss-9-277] Overestimation of sleep efficiency by nurses compared to the objective assessment was described in some studies.[@b8-nss-9-277],[@b9-nss-9-277] Insufficient or missing correlation of sleep/wake state and other sleep aspects assessed by nurses with PSG,[@b11-nss-9-277] or inconsistency of nurses' evaluation with the objective findings in patients with abnormal electroencephalographic (EEG) patterns[@b10-nss-9-277] was reported in the other studies. The newer data of sleep monitoring in conscious, nonsedated, critically ill patients with PSG and nurse assessment support these observations (unpublished data, ClinicalTrials NCT02434341).

The alternative methods of sleep assessment are bispectral index (BIS) and actigraphy.

BIS is the EEG-derived method for the assessment of the depth of anesthesia. The method is sensitive to technical challenges and the interpretation is difficult. The use of BIS for sleep assessment is poorly documented.[@b12-nss-9-277],[@b13-nss-9-277]

Actigraphy is based on the recording of patients' motor activity using a wrist or ankle device and gives information about sleep/wake state depending on the absence/presence of movements.[@b14-nss-9-277] As the ICU patients' movements are often limited, the reliability of this method for the indication of sleep/wake state as well as circadian pattern is poor.

In summary, BIS and actigraphy do not provide sufficient information about sleep architecture or circadian pattern.

PSG is a criterion standard method of sleep monitoring and the only method that allows for the assessment of sleep architecture. PSG is based on the recording of EEG together with several other physiologic signals (electrooculography, electromyography, electrocardiography, and respiratory parameters). The method is difficult to apply in the ICU due to technical and practical challenges. Critically ill patients are heavily monitored and often connected to diverse life supporting devices. The interactions with other electrical signals, mechanical or sweating artifacts make PSG recording in the ICU difficult. Critically ill patients are often unsettled or delirious and remove the leads, or feel more uncomfortable getting supplemental PSG leads. Additionally, analysis of the PSG recordings in critically ill patients is complicated. The previously used Rechtschaffen and Kales sleep scoring manual was replaced in 2007 by the American Academy of Sleep Medicine (AASM) sleep scoring classification.[@b15-nss-9-277] In accordance with the AASM criteria, sleep and wake cycle is divided into non (N)-REM and REM sleep, and wake, while NREM sleep is further subdivided into stages N1, N2, and N3. This classification relies on the interpretation of normal polygraphic signals including EEG; however, ICU patients often present abnormal EEG patterns.

Many attempts have been made to monitor critically ill patients' sleep by PSG. Besides severely abnormal hypnograms, including high arousal index, abnormal sleep stage shifts, and shortage or absence of restorative sleep (N3, REM),[@b4-nss-9-277],[@b5-nss-9-277],[@b8-nss-9-277],[@b16-nss-9-277],[@b17-nss-9-277] the absence of patterns described in the AASM classification was observed in many critically ill patients.[@b3-nss-9-277],[@b18-nss-9-277]--[@b21-nss-9-277] In 2000, Cooper et al reported sleep patterns, as defined according to the standard classification, to be present only in 8 out of 20 critically ill mechanically ventilated patients ("disrupted sleep" group).[@b3-nss-9-277] The remaining patients were classified as "atypical sleep" and "coma" groups (including five and seven patients, respectively). The patients in the "atypical sleep" group and "coma" group had higher severity of critical illness scores and higher levels of sedation compared with the patients in the "disrupted sleep" group. The authors described the presence of "pathologic wakefulness" in some patients in the "atypical sleep" group: discrepancy of the EEG, showing slow wave activity, and behavioral aspects of wakefulness. In 2012, Drouot et al suggested two new states to be added to sleep scoring classification in critically ill patients -- "atypical sleep" and "pathologic wakefulness".[@b21-nss-9-277] The authors analyzed PSG recordings of 57 conscious, nonsedated, critically ill patients on mechanical ventilation in the weaning phase (30 patients) or receiving noninvasive ventilation (27 patients). Standard sleep scoring classification could not be used in approximately one-third of these patients. Based on the previous suggestions,[@b21-nss-9-277] in 2013, Watson et al proposed a new sleep scoring classification for critically ill patients, subdividing atypical sleep into six further stages.[@b19-nss-9-277] The authors reported that 36 out of 37 critically ill, mechanically ventilated patients had atypical sleep patterns in the PSG recordings. The patients in this study had different levels of consciousness and sedation. We found Watson's sleep scoring classification useful for scoring sleep in critically ill patients if standard (AASM) classification was inapplicable in our PSG study from 2016 'Sleep in ICU and the role of environment'.[@b20-nss-9-277] Conscious, critically ill patients on mechanical ventilation participated in this study. Atypical sleep patterns were found in \~70% of the patients. However, the role of Watson's classification in understanding sleep/wake pattern is not fully elucidated, for example, the interpretation of slow wave component in relation to sleep, encephalopathy, or medication is not completely clear. Watson's sleep scoring classification for critically ill patients has not yet been validated.

Sleep and ICU environment
-------------------------

Disturbed sleep in critically ill patients is caused by several factors. Environmental factors, such as noise, light, and interruptions, play a role in impairment of sleep and circadian rhythm. Sound levels in ICUs are reported to exceed the levels recommended by the World Health Organization.[@b16-nss-9-277],[@b17-nss-9-277],[@b22-nss-9-277]--[@b24-nss-9-277] However, the significance of sleep disruptions caused by noise in critically ill patients has been discussed. Freedman et al recorded PSG and environmental noise in critically ill patients in medical ICU.[@b17-nss-9-277] The authors found only 11.5% and 17% of arousals and awakenings, respectively, to be associated with noise. Gabor et al monitored sleep by PSG in critically ill patients and healthy subjects exposed to ICU environment and recorded noise levels at the same time. Noise was reported to be responsible for the majority of arousals and awakenings in healthy subjects, but for the minority of these in critically ill patients.[@b16-nss-9-277] Elbaz et al reported increased incidence of arousals at sound levels above 77 dBC in stable, mechanically ventilated patients in the weaning phase. Alarms were found to be the most significant source of noise.[@b25-nss-9-277]

Fan et al studied light levels in an ICU and reported insufficient light exposure during the day time.[@b26-nss-9-277]

Interruptions due to procedures are considered to be another important sleep disturbing factor in the ICU. Tamburri et al investigated the number of nocturnal care interactions in 50 patients in four different ICUs and found the mean number of interactions to be 42.6 per night.[@b27-nss-9-277] The same result was reported in the study by Ugras et al in a neurosurgical ICU. However, sleep disturbances were not associated with the frequency of nocturnal care interactions in this study, and the nurse care activities did not impact patient satisfaction.[@b28-nss-9-277]

The effect of environmental interventions on sleep quality in critically ill patients has been tested in several studies. Earplugs, separately[@b29-nss-9-277],[@b30-nss-9-277] or in combination with other sleep promoting agents such as eye masks,[@b31-nss-9-277]--[@b33-nss-9-277] were shown to improve sleep in the ICU. The application of earplugs and eye masks together with 30 min relaxing music was reported to promote sleep in cardiac surgical ICU.[@b34-nss-9-277] Improved sleep quality was found as a result of a multicomponent intervention directed on the reduction of light and noise in a mixed surgical/medical ICU.[@b35-nss-9-277] Subjective methods of sleep assessment alone or in combination with actigraphy were used in all the mentioned studies though.

PSG was used in the study by Foreman et al in the neurological ICU to control the environmental intervention, including noise-canceling head phones and eye masks together with melatonin administration.[@b18-nss-9-277] PSG recording of 65% of the patients was unscorable according to standard criteria. Accordingly, the effect of the intervention on sleep quality could not be assessed. Similar results on the effect of multicomponent environmental intervention in a mixed ICU, including reduction of noise and light levels and minimizing the number of nocturnal care interactions, were reported in the study by Boyko et al.[@b20-nss-9-277]

Sleep and mechanical ventilation
--------------------------------

Mechanical ventilation is considered to be another sleep disruptive factor in the ICU, mainly due to patient--ventilator asynchrony and hyperassistance resulting in central apneas. Different ventilator modes have been investigated in relation to sleep quality in critically ill patients. Controlled ventilator modes were reported to have positive effect on sleep quality in some studies. Parthasarathy and Tobin described significantly greater sleep fragmentation during pressure support ventilation (PSV) mode compared with assist-control ventilation (ACV) in sedated, critically ill patients.[@b36-nss-9-277] Toublanc et al reported significant increase in stage 1 and 2 NREM sleep and reduction in wakefulness during the first part of the night and increase in stage 3 and 4 NREM sleep during the second part of the night with ACV compared with PSV in nonsedated, critically ill patients weaning from mechanical ventilation.[@b37-nss-9-277] Improved sleep quantity and quality during pressure control mode compared with support mode were described in the study by Andrejak et al in nonsedated patients weaning from mechanical ventilation.[@b38-nss-9-277] PSV was associated with better sleep quantity but not quality compared with spontaneous ventilation in nonsedated, tracheostomized patients in the weaning period in the study by Roche-Campo et al.[@b39-nss-9-277]

Inconsistent with the mentioned papers, Cabello et al could not show any difference in sleep quality on comparing ACV with clinically and automatically adjusted PSV in conscious, mechanically ventilated patients.[@b40-nss-9-277]

Advantages of the more physiologic modes of mechanical ventilation, such as neutrally adjusted ventilatory assist[@b41-nss-9-277] and physiologic noninvasive PSV,[@b42-nss-9-277] on sleep quality were reported in some studies. Improved sleep quality was explained by decreased patient--ventilator asynchrony and reduction of the ineffective efforts.

Sleep and medication
--------------------

Sedation is widely used in intensive care setting, mostly in patients on mechanical ventilation to remove the discomfort caused by endotracheal tube and the ventilation problems caused by patient--ventilator asynchrony. The commonly used sedative agents, such as propofol, opioids, and benzodiazepines, are known to impact sleep quality. Propofol and benzodiazepines, which are gamma-aminobutyric acid-A receptor agonists, were shown to reduce REM sleep in critically ill patients.[@b43-nss-9-277],[@b44-nss-9-277] Benzodiazepines were reported to have deliriogenic effect as well.[@b43-nss-9-277] The central nervous system opioid receptor agonists were shown to decrease REM sleep.[@b45-nss-9-277],[@b46-nss-9-277]

A selective α2-receptor agonist dexmedetomidine has recently been in focus as a newer promising sedative agent in the ICU. Nighttime infusion of dexmedetomidine has been shown in a few studies to induce sleep during the nighttime period[@b47-nss-9-277],[@b48-nss-9-277] and to increase the N2 sleep stage of NREM sleep,[@b47-nss-9-277]--[@b49-nss-9-277] though it does not increase the restorative sleep stages.

Various other medications, such as vasoactive drugs, amiodarone, antibiotics, and corticosteroids, often used in critically ill patients and known to impact the sleep quality, contribute to sleep disturbances seen in this patient population.[@b50-nss-9-277]

Melatonin
---------

Melatonin is a sleep hormone secreted in the pineal gland located in the epithalamus. Melatonin production is regulated through the intern pacemaker located in suprachiasmatic nucleus and is influenced by light. Melatonin participates in the regulation of diurnal sleep/wake cycle. Melatonin secretion varies during the day: the secretion increases during the night hours and decreases during the day hours. Melatonin secretion pattern can be assessed by detection of melatonin in serum or saliva or measurement of melatonin metabolite 6-sulfatoxymelatonin (6-SMT) in urine.[@b51-nss-9-277]

Melatonin secretion pattern has been studied in different groups of critically ill patients. The results of these studies are conflicting. Abolished rhythmicity in melatonin secretion pattern in critically ill patients was reported in several studies. Shilo et al found missing nocturnal melatonin top in critically ill patients requiring ventilator support.[@b52-nss-9-277] Frisk et al reported lower levels of excreted 6-SMT associated with mechanical ventilation and higher levels associated with benzodiazepines.[@b53-nss-9-277] Abolished rhythmicity of melatonin secretion without association with sedation in sedated, critically ill patients on mechanical ventilation was reported by Olofsson et al.[@b54-nss-9-277] Paul et al compared serum melatonin levels in sedated, critically ill patients with and without brain injury and found disturbed secretion in both groups, though lower melatonin levels were found in the group with brain injury.[@b55-nss-9-277] Disturbed circadian rhythm in septic, critically ill patients, as measured by 6-SMT excretion, was reported in two studies.[@b56-nss-9-277],[@b57-nss-9-277] The majority of patients in these studies were sedated and on mechanical ventilation. Preserved rhythmicity of melatonin production was found in critically ill patients without sepsis.[@b57-nss-9-277]

Sustained diurnal pattern of melatonin secretion assessed by 6-SMT excretion was found in two studies.[@b58-nss-9-277],[@b59-nss-9-277] The study by Riutta et al was performed in nonseptic, critically ill patients, where 20 out of 40 patients were on mechanical ventilation and 25 patients were benzodiazepine sedated.[@b58-nss-9-277] The majority of patients in the study by Gehlbach et al were sedated and mechanically ventilated.[@b59-nss-9-277] Urine samples were collected at hourly intervals. The authors reported preserved but phase-delayed 6-SMT excretion in the majority of patients. Boyko et al reported preserved but phase-delayed melatonin secretion pattern measured by serum melatonin in mechanically ventilated, critically ill patients.[@b60-nss-9-277]

The reports about the correlation of the severity of critical illness and melatonin secretion are contradictory as well. No correlation of melatonin secretion pattern with the severity of critical illness scores was reported in several studies.[@b53-nss-9-277],[@b58-nss-9-277]--[@b60-nss-9-277] Negative correlation between the melatonin levels and Acute Physiology and Chronic Health Evaluation (APACHE) score was reported in septic patients in the study by Perras et al.[@b61-nss-9-277]

Abolished regulation of diurnal pattern of melatonin secretion in critically ill patients by light and darkness was reported in two studies: in patients with severe sepsis in the study by Verceles et al[@b56-nss-9-277] and in critically ill patients of different age groups in the study by Perras et al.[@b62-nss-9-277]

Exogenous melatonin was reported to improve sleep in critically ill patients in three studies. Shilo et al found increased sleep duration and sleep quality with 3 mg melatonin, assessed by actigraphy, in critically ill patients with chronic obstructive pulmonary disease.[@b63-nss-9-277] Ibrahim et al found no differences in subjectively assessed sleep in two groups of tracheostomized, critically ill patients after administration of 3 mg melatonin.[@b64-nss-9-277] Bourne et al reported improved sleep efficiency with 10 mg melatonin in mechanically ventilated, critically ill patients in the weaning period.[@b65-nss-9-277] Sleep was monitored by BIS in this study, though, as mentioned above, subjective methods, BIS, and actigraphy cannot be considered reliable for sleep assessment in critically ill patients.

No PSG studies have yet been published reporting the effect of melatonin treatment on sleep in the ICU.

Sleep and critical illness
--------------------------

Sleep disturbances in critically ill patients are multifactorial. Environmental factors, mechanical ventilation, and medication play an important role in sleep disruption in this patient population. Nevertheless, the other mechanisms, such as critical illness itself, are worth consideration. Higher severity of critical illness scores were reported to be associated with disrupted sleep in critically ill patients in the previous papers by Gabor et al[@b16-nss-9-277] and Fanfulla et al.[@b66-nss-9-277] Atypical sleep or missing characteristics of normal sleep were found to be associated with higher Acute Physiology Score and higher APACHE II score in the studies by Cooper et al[@b3-nss-9-277] and Foreman et al,[@b18-nss-9-277] respectively. Sedated patients and patients with affected levels of consciousness participated in these studies. Association of atypical sleep with higher critical illness scores was investigated in a recent PSG study of sleep in conscious, critically ill patients on mechanical ventilation by Boyko et al. The results of this study have not yet been published ([ClinicalTrials](https://clinicaltrials.gov/) NCT02434341).

Conclusion
==========

Sleep and circadian rhythm are severely abnormal in critically ill patients due to a number of factors such as intensive care environment, including noise and procedures, mechanical ventilation, and medication. However, the severity of critical illness is associated with abnormal sleep patterns in this patient population as well. PSG, the criterion standard method for sleep monitoring, is challenging in the ICU. Currently, there are no validated methods of sleep scoring for this patient population, resulting in the difficulties in testing sleep promoting interventions. Further development of a reliable method of scoring critically ill patients' PSGs and the analysis of PSG patterns associated with outcomes is the next step in sleep research in the ICU.
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###### 

Overview of studies testing sleep promoting interventions in the ICU

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                                     n     Design                                                  Intervention                                                            Sleep assessment method     Results
  ----------------------------------------- ----- ------------------------------------------------------- ----------------------------------------------------------------------- --------------------------- --------------------------------------
  Scotto et al[@b29-nss-9-277]              88    Quasi-experimental with random assignment               Earplugs                                                                Subjective                  ↑Sleep quality

  Van Rompaey et al[@b30-nss-9-277]         136   Randomized trial                                        Earplugs                                                                Subjective                  ↑Sleep quality

  Richardson et al[@b31-nss-9-277]          64    Posttest quasi-experimental                             Earplugs and eye masks                                                  Subjective                  ↑Sleep quality in some patients

  Jones and Dawson[@b32-nss-9-277]          100   Pre-/post-intervention service evaluation               Earplugs and eye masks                                                  Subjective                  ↑Sleep quality

  Le Guen et al[@b33-nss-9-277]             41    Randomized trial                                        Earplugs and eye masks                                                  Subjective and actigraphy   ↑Sleep quality

  Hu et al[@b34-nss-9-277]                  45    Randomized trial                                        Earplugs and eye masks combined with 30 min of relaxing music           Subjective                  ↑Sleep quality

  Patel et al[@b35-nss-9-277]               59    Cohort-based study, pre-/post-intervention evaluation   Multicomponent intervention                                             Subjective                  ↑Sleep quality

  Foreman et al[@b18-nss-9-277]             12    Randomized trial                                        Headphones and eye masks, and melatonin                                 PSG                         Incomparable due to abnormal sleep\
                                                                                                                                                                                                              EEG in many patients

  Boyko et al[@b20-nss-9-277]               17    Randomized crossover trial                              Multicomponent intervention                                             PSG                         Incomparable due to abnormal sleep\
                                                                                                                                                                                                              EEG in many patients

  Parthasarathy and Tobin[@b36-nss-9-277]   11    Randomized crossover trial                              Assist-control, PS and PS with added dead space                         PSG                         ↑Sleep quality with assist control

  Toublanc et al[@b37-nss-9-277]            20    Randomized crossover trial                              Assist-control and low PS                                               PSG                         ↑Sleep quality with assist control

  Andrejak et al[@b38-nss-9-277]            26    Randomized crossover trial                              Pressure control ventilation and low PS                                 PSG                         ↑Sleep quality with pressure control

  Roche-Campo et al[@b39-nss-9-277]         16    Randomized crossover trial                              Spontaneous ventilation and low PS                                      PSG                         ↑Sleep quantity with PS

  Cabello et al[@b40-nss-9-277]             15    Randomized crossover trial                              Assist-control, clinically adjusted PS, and automatically adjusted PS   PSG                         No difference

  Delisle et al[@b41-nss-9-277]             14    Randomized crossover trial                              NAVA and PS                                                             PSG                         ↑Sleep quality with NAVA

  Fanfulla et al[@b42-nss-9-277]            9     Randomized crossover trial                              Noninvasive PS venti lation: usual and physiologic                      PSG                         ↑Sleep quality with physiologic PS

  Kondili et al[@b44-nss-9-277]             12    Randomized trial                                        Propofol                                                                PSG                         ↓Sleep quality

  Alexopoulou et al[@b48-nss-9-277]         13    Nonrandomized, patients their own controls              Dexmedetomidine                                                         PSG                         ↑Sleep quality

  Ibrahim et al[@b64-nss-9-277]             32    Randomized trial                                        Melatonin                                                               Subjective                  No difference

  Shilo et al[@b63-nss-9-277]               8     Randomized trial                                        Melatonin                                                               Actigraphy                  ↑Sleep quality

  Bourne et al[@b65-nss-9-277]              24    Randomized trial                                        Melatonin                                                               Bispectral index            ↑Sleep quality
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** ↑, increased; ↓, decreased.

**Abbreviations:** EEG, electroencephalography; ICU, intensive care unit; NAVA, neurally adjusted ventilation assist; PS, pressure support; PSG, polysomnography.
